INTRODUCTION {#sec1-1}
============

Numerous studies have been focused on the infertility causative factors in attempt to find modes of stimulating sperm concentration and quality.[@ref1] A lot of attention has been paid to the therapeutic properties of plant extracts, antioxidants, amino acids, and vitamins, including the effects of these agents on fertility.[@ref2] Vitamin B~12~ has been widely used in traditional medicine for the treatment of male infertility, especially when the cause is oligozoospermia or asthenozoospermia.[@ref3][@ref4] This vitamin, also known as cobalamin, is a water-soluble vitamin, essential in the nutrition, found in foods of animal origin, including dairy products. This vitamin plays an important role in DNA synthesis and cell division[@ref5] and is an essential cofactor for methionine synthase during the production of purines and pyrimidines.[@ref6] Thus, it is essential for the processes that require high cell renewal rate as the seminiferous epithelium. Studies on the relationship between vitamin B~12~ and male reproductive performance have demonstrated that this vitamin is essential for the maintenance of testicular function.[@ref7] Testicular changes, including atrophy of seminiferous tubules, have been demonstrated in vitamin B~12~ deficient rodents;[@ref8][@ref9] however, the supplementation with vitamin B~12~ can restore the altered testicular parameters. Reduction in the diameter of seminiferous tubules and in sperm count caused by the treatment with the antineoplastic doxorubicin has been softened by the treatment with vitamin B~12~.[@ref10][@ref11] Studies performed in our laboratory have also demonstrated that the supplementation of rats with vitamin B~12~ during the treatment with cimetidine can restore the seminiferous epithelium damaged by this drug.[@ref12]

Cimetidine is clinically used as an antiulcer, competing for histamine H~2~ receptors in the gastric parietal cells.[@ref13] This drug also exerts an antioxidant effect due to its inhibitory activity of cytochrome P450 in several biological systems, especially in liver,[@ref14][@ref15] and has also been used as an adjuvant therapy in some types of cancer due to its antiangiogenic effect.[@ref16][@ref17] However, in male patients, cimetidine has been reported to cause some adverse effects, such as loss of libido, impotence, and gynecomastia,[@ref18][@ref19][@ref20] which has been related to an antiandrogenic effect.[@ref21][@ref22] Reduction of testis, prostate, and seminal vesicles weight and changes in the hormonal levels have been observed,[@ref21][@ref23][@ref24][@ref25][@ref26] confirming the antiandrogenic effect of this drug.

In testes, this drug has caused significant histopathological disorders in the seminiferous tubules, including reduction of the tubular diameter and epithelial area due to detachment[@ref27][@ref28] and loss of germ cells by apoptosis.[@ref28] This tubular alteration seems to be a consequence of the interference of cimetidine on the peritubular tissue[@ref28][@ref29][@ref30] and Sertoli cell death.[@ref28][@ref30] Recently, studies have demonstrated that cimetidine causes testicular microvasculature atrophy,[@ref31] reduction in the number of Leydig cells due to apoptosis, and decrease in the testosterone serum levels.[@ref32] These vascular and hormonal changes seem to be the main causative effects of the seminiferous tubules structural disruption.[@ref31][@ref32]

Independently, of the effect of cimetidine on the seminiferous tubules, the supplementation of the cimetidine-treated rats with vitamin B~12~ has demonstrated to recover the number of Sertoli cells and the seminiferous epithelium area;[@ref12] however, the way by which these testicular parameters are recovered by this vitamin is not yet clarified.

A correlation between vitamin B~12~ and sperm parameters in human semen from both fertile and infertile males has indicated that this vitamin is essential for spermatogenesis and maintenance of normal sperm function.[@ref33] Furthermore, the vitamin B~12~ supplementation reduces the oxidative stress provoked by freezing-thawing and improves bovine semen quality.[@ref34][@ref35] Thus, vitamin B~12~ seems to be a useful therapeutic strategy to improve sperm quality. However, since 1970, scarce studies have focused on the effect of this vitamin on spermatogenesis and/or sperm parameters. In this study, we investigated the role of vitamin B~12~ on the cimetidine-induced germ cell loss, focusing on the number of spermatogonial germ cells, spermatocytes, and sperm concentration in adult rats.

MATERIALS AND METHODS {#sec1-2}
=====================

 {#sec2-1}

### Animal treatment {#sec3-1}

The animal care and the experimental procedures were conducted following the National Law on Animal Use. The protocol of this study was approved by the Ethics Committee for Animal Research of São Paulo Federal University - UNIFESP/EPM, Brazil (CEUA n° 7950060514) and by the Ethics Committee/Institutional Review Board of Dental School -- São Paulo State University (UNESP), Araraquara, São Paulo, Brazil (CEUA n° 28/2014).

Twenty Holtzman male rats (*Rattus norvegicus albinus*) aged 100 days were maintained in polypropylene cages under 12-h light/12-h dark cycle at a controlled temperature (23 ± 2°C), with water and food provided *ad libitum*. The animals were distributed into four groups, containing five animals each: cimetidine (CMTG), cimetidine/vitamin B~12~ (CMT/B~12~G), vitamin B~12~ (B~12~G), and control group (CG).

The animals from CMTG received daily intraperitoneal (i.p.) injections of 100 mg of cimetidine (Hycimet^®^, 300 mg - Hypofarma, MG, Brazil) per kg b.w.[@ref32] This dosage was based on the therapeutic dose range of cimetidine usually administered in humans which is 800--1200 mg day^−1^ (\~=17 mg kg^−1^ day^−1^) for gastric or ulcer treatment, and 2000 mg day^−1^ (\~=28.5 mg kg^−1^ day^−1^) for the treatment of Zollinger-Ellison syndrome.[@ref36] Applying the BW^3/4^ scaling for the calculation of dosage to be applied to animal model (rats),[@ref37] the dosage used in the present study (100 mg kg^−1^) is equivalent, in humans, to 27.5 mg kg^−1^ (1920 mg day^−1^). According to Brodgen *et al*.,[@ref36] doses of cimetidine below 2400 mg day^−1^ do not cause systemic toxicity. Thus, the dosage used approaches the human therapeutic range. It is important to emphasize that this protocol of treatment with cimetidine was used in attempt to induce seminiferous epithelium damage and verify whether vitamin B~12~ can improve the cimetidine-induced changes.

The animals from CMT/B~12~G received i.p. injections containing a solution of 100 mg kg^−1^ b.w. of cimetidine and 3 μg of vitamin B~12~-hydroxocobalamin (Rubranova^®^, 5000 μg -- Bristol-Myers Squibb, São Paulo, Brazil). This dosage of vitamin was determined from a preliminary evaluation of the quantity of daily food intake by the animals at this age.[@ref12] The animals from B~12~G received only vitamin (3 μg day^−1^) and the control animals received saline solution, corresponding to the volume of CMTG. All animals received the treatment for 50 consecutive days, period that corresponds to the duration of spermatogenesis in adult rats.[@ref38]

### Sperm concentration {#sec3-2}

The animals were anesthetized with 80 mg kg^−1^ b.w. of xylazine hydrochloride (Francotar; Virbac Brazil Ind. Com. Ltda., São Paulo, Brazil) and 8 mg kg^−1^ b.w. of xylazine hydrochloride (Virbaxyl; Virbac Brazil Ind. Com. Ltda., São Paulo, Brazil). The sperm concentration was determined using caudal epididymal sperm of five animals per group. The epididymis was dissected and a small cut was made in the epididymal cauda with a razor blade. An aliquot (3 μl) of sperm was placed in 4 ml of distilled water to immobilize sperms. Sperm count was performed in a hemocytometer (Neubauer chamber).

After the experimental procedures, the animals were euthanized by overdose of anesthesia.

### Histological procedures {#sec3-3}

The testes were removed and fixed for 48 h at room temperature in 4% formaldehyde freshly prepared from paraformaldehyde (MERK, Germany) buffered at pH 7.4 with 0.1 mol l^−1^ sodium phosphate. Subsequently, the testes were dehydrated in graded ethanol and embedded in glycol methacrylate (Historesin Embedding Kit, Jung, Germany) or paraffin. The historesin sections (3 μm) were stained with Gill\'s Hematoxylin and Eosin (H.E),[@ref39] for morphological and morphometric analyses. The paraffin sections, 6 μm thick, were adhered to silanized slides and subjected to the TUNEL (Terminal deoxynucleotidyl-transferase mediated dUTP Nick End Labeling) method for detection of cell death and to the immunofluorescence reaction for detection of PCNA (Proliferating Cell Nuclear Antigen).

### Number of spermatogonia and spermatocytes {#sec3-4}

The images were captured using a DP-71 Olympus camera attached to an Olympus BX-51 light microscope. Four nonserial H.E.-stained testicular sections per animal were used, and in each section, 10 seminiferous tubules were captured at x345, totaling 40 tubules per animal. As the number of spermatogonia and spermatocytes varies according to the stages of the seminiferous epithelium cycle (**[Figure 1](#F1){ref-type="fig"}**), 10 cross sections of seminiferous tubules were selected in each interval of cycle (stage I, stages II--VI, stages VII--VIII, and stages IX--XIV), according to Dym and Clermont,[@ref40] for a standardized quantification. In each tubular section, spermatogonia and spermatocytes were quantified. Types A and Intermediate/B (In/B) spermatogonia were morphologically identified according to Chiarini-Garcia *et al*.[@ref41] The quantification was performed by two calibrated and blinded examiners.

![Classification of the XIV different stages of the seminiferous epithelium cycle characterized in the rat. The vertical columns, designated by roman numerals, depict the cell associations. The letters designate specific germ cell types: type A (A~1~--A~4~), intermediate (In) and type B (B) spermatogonia; preleptotene (Pl), leptotene (L), zygotene (Z), pachytene (P), and diplotene (Di) primary spermatocytes and secondary spermatocytes (II). Mitotic divisions (M). The Arabic numbers (1--19) designate the steps of spermiogenesis (Modified from Dym and Clermont^40^).](AJA-19-567-g001){#F1}

### TUNEL method {#sec3-5}

The protocol of TUNEL method was performed as previously described[@ref28][@ref30][@ref31][@ref32] and according to the ApopTag^®^ Plus Peroxidase *In Situ* Apoptosis Detection Kit (Millipore; Temecula, CA, USA).

### Immunofluorescence reaction for detection of PCNA {#sec3-6}

Paraffin testicular sections adhered to silanized slides were immersed in 0.001 M sodium citrate buffer pH 6.0 and maintained at 90°C in a microwave oven for antigen recovery. After the inactivation of endogenous peroxidase in 9% hydrogen peroxide, the slides were washed in 50 mmol l^−1^ phosphate-buffered saline containing 200 mmol l^−1^ of sodium chloride (PBS) pH 7.3 and, then, incubated with 2% BSA. The testicular sections were incubated overnight with mouse anti-PCNA monoclonal primary antibody (Biocare Medical; Concord, CA, USA), diluted 1:100, in a humidified chamber at 4°C. Subsequently, the sections were incubated with Alexa Fluor 488^®^ secondary antibody (Molecular Probes^®^ by Life Technologies, Carlsbad, CA, USA) for 1 h. DAPI (Molecular Probes^®^ by Life Technologies, Carlsbad, CA, USA) was used for nuclear staining. Sections used as negative controls were incubated in nonimmunized serum instead of primary antibodies. The analysis was performed using a fluorescent microscope DM400 B LED, a camera DFC-550, and an Image Analysis System LAS4 (Leica, Germany).

### Statistical analysis {#sec3-7}

Statistical analysis of data was performed using the GraphPad Prism^®^ 4.0 software (GraphPad Software, CA, USA). The results were submitted to the one-way ANOVA followed by Tukey\'s post-test. *P* \< 0.05 was considered statistically significant.

RESULTS {#sec1-3}
=======

 {#sec2-2}

### Sperm concentration {#sec3-8}

The animals from CMTG showed reduction (*P* \< 0.05) in sperm concentration in comparison to CG. Although sperm concentration in cimetidine/vitamin B~12~-treated rats was higher than that of cimetidine group, it was still reduced when compared to sperm concentration of rats from CG and B~12~G (**[Figure 2](#F2){ref-type="fig"}**).

![Sperm concentration of animals from CG, CMTG, CMT/B~12~G, and B~12~G. a ≠ b (*P* \< 0.05). Data presented as mean ± s.d. CG: control group; CMTG: cimetidine group; CMT/B~12~G: cimetidine/vitamin B~12~ group; B~12~G: vitamin B~12~ group.](AJA-19-567-g002){#F2}

### Morphological results {#sec3-9}

The seminiferous tubules of animals from CG and B~12~G showed seminiferous epithelium with normal aspect (**Figures [3a](#F3){ref-type="fig"}** and **[3b](#F3){ref-type="fig"}**, **[4d](#F4){ref-type="fig"}**). In the tubules at stages I--VI, types A and In/B spermatogonia were observed (**[Figure 3b](#F3){ref-type="fig"}**). The seminiferous tubules of animals from CMTG showed reduction in the frequency of spermatogonia and spermatocytes (**Figure [3c](#F3){ref-type="fig"}** and **[3d](#F3){ref-type="fig"}**, **[Table 1](#T1){ref-type="table"}**). Moreover, these cells were also positive to the TUNEL method (**[Figure 3e](#F3){ref-type="fig"}**). On the other hand, the seminiferous epithelium of animals from CMT/B~12~G showed an apparent increase in the incidence of spermatogonia and spermatocytes in comparison to CMTG (**Figure [4a](#F4){ref-type="fig"}** and **[4c](#F4){ref-type="fig"}**). In addition, spermatogonia in mitosis were also found (**[4b](#F4){ref-type="fig"}**). In both groups treated with vitamin B~12~ (CMT/B~12~G and B~12~G), germ cells in the basal portion of epithelium (spermatogonia and spermatocytes) were positive to the TUNEL method (**Figure [4e](#F4){ref-type="fig"}** and **[4f](#F4){ref-type="fig"}**).

![Photomicrographs of seminiferous tubules of animals from CG and CMTG at stages I--VI stained by H and E. (**a--d**) and subjected to TUNEL method (**e**). In **3a**, the seminiferous epithelium with normal aspect shows numerous spermatogonia (Sg) and spermatocytes (white arrowheads). In **3b**, type A (white arrow) and type In/B (black arrowheads) spermatogonia and spermatocytes (white arrowheads) are observed. In **3c** and **3d**, scarce spermatogonia (Sg) and spermatocytes (white arrowheads) are found. In **3d**, note absence of spermatogonia in a portion of tubule (asterisks). In **3e**, TUNEL-positive spermatogonia and spermatocytes (arrows) are observed. Bars: 15 μm (**a**, **c**, **e**); 6 μm (**b**, **d**). CG: control group; CMTG: cimetidine group; TUNEL: terminal deoxynucleotidyl-transferase mediated dUTP nick end labeling.](AJA-19-567-g003){#F3}

![Photomicrographs of seminiferous tubules of animals from CMT/B~12~G and B~12~G, at stages I--VI, stained by H.E. (**a--d**) and subjected to TUNEL method (**e** and **f**). In **4a** and **4d**, numerous spermatogonia (Sg) and spermatocytes (white arrowheads) are observed. Some spermatogonia are in mitosis (**4b**; arrows). In **4c**, types A (white arrows) and In/B (black arrowheads) spermatogonia and spermatocytes (white arrowheads). In **4e** and **4f**, TUNEL-positive spermatogonia and spermatocytes (arrows). Bars: 30 μm (**4a**); 15 μm (**4d**); 6 μm (**b**, **c**, **e**, **f**). CMT/B~12~G: cimetidine/vitamin B~12~ group; B~12~G: vitamin B~12~ group; TUNEL: terminal deoxynucleotidyl-transferase mediated dUTP nick end labeling.](AJA-19-567-g004){#F4}

###### 

Number of types A and In/B spermatogonia, according to the stages of the seminiferous epithelium cycle, and total spermatogonia of rats from CG, B~12~G, CMTG, and CMT/B~12~G

![](AJA-19-567-g005)

In the sections subjected to immunofluorescence reaction for detection of PCNA, a low incidence of PCNA-immunolabeled spermatogonia and spermatocytes was observed in CMTG (**Figure [5d](#F5){ref-type="fig"}**--**[5f](#F5){ref-type="fig"}**) while a high incidence of these immunolabeled cells (**Figure [5g](#F5){ref-type="fig"}**--**[5l](#F5){ref-type="fig"}**) was observed in the vitamin B~12~-supplemented groups (CMT/B~12~G and B~12~G) in comparison to CG (**Figure [5a](#F5){ref-type="fig"}**--**[5c](#F5){ref-type="fig"}**).

![Photomicrographs of seminiferous tubules subjected to immunofluorescence for detection of PCNA. In CMTG (**d--f**), a low incidence of PCNA-positive spermatogonia and spermatocytes in comparison to the other groups. A high incidence of immunolabeled cells is observed in the control (**a--c**) and vitamin B~12~-supplemented groups (**g--l**). Bars: 15 μm. PCNA: proliferating cell nuclear antigen; CMTG: cimetidine group.](AJA-19-567-g006){#F5}

### Morphometric results {#sec3-10}

In CMTG, a numerical reduction in type A spermatogonia (*P* \< 0.05) and spermatocytes (*P* \< 0.05) was observed in all stage intervals in comparison to CG. Otherwise, the seminiferous tubules of CMT/B~12~G showed an increase in the number of type A spermatogonia (stages I--VI; *P* \< 0.05) and spermatocytes (all stages; *P* \< 0.05) in comparison to CMTG (**Tables [1](#T1){ref-type="table"}** and **[2](#T2){ref-type="table"}**). In this case, vitamin B~12~ restored the number of spermatogonia and spermatocytes.

###### 

Number of spermatocytes according to the stages of the seminiferous epithelium cycle and total spermatocytes of rats from CG, B~12~G, CMTG, and CMT/B~12~G

![](AJA-19-567-g007)

The number of spermatogonia and spermatocytes did not differ between CG and B~12~G groups.

DISCUSSION {#sec1-4}
==========

The present findings show that cimetidine treatment causes significant reduction in the number of spermatogonia and spermatocytes and decreases epididymal sperm concentration. However, the supplementation of rats with vitamin B~12~ during cimetidine treatment recovered the number of spermatogonia and spermatocytes and increased the sperm concentration.

The reduction in the number of spermatogonia and spermatocytes caused by cimetidine is due to cell death since TUNEL labeling was observed in these cells as also demonstrated in the previous study.[@ref28] Moreover, the low incidence of PCNA-immunolabeled spermatogonia reinforces the interference of the treatment on these cells, leading to failure of spermatogenic process as a whole.

Studies have demonstrated that the mitotic activity of spermatogonia is dependent on the synthesis of stem cell factor (SCF) by Sertoli cells and the expression of its receptor, c-kit protein.[@ref42] The interaction between SCF and c-kit protein seems to modulate spermatogonial division.[@ref43] Cimetidine treatment interferes in the peritubular tissue leading to Sertoli cell apoptosis and reduction in the number of these cells.[@ref12][@ref28][@ref30] Thus, the reduction in the number of spermatogonia may be related to a possible c-kit/SCF binding deficiency. It is also important to emphasize that cimetidine is an antiandrogenic drug[@ref21][@ref22] and induces testicular microvasculature atrophy,[@ref31] Leydig cell death, and reduction in the serum testosterone levels.[@ref32] Therefore, the cimetidine-induced germ cell loss by apoptosis is also a consequence of the interference of this drug on the vascular and/or androgenic supply of the seminiferous tubules.

The animals treated with cimetidine and vitamin B~12~ (CMT/B~12~G) showed a significant increase in the number of type A spermatogonia and spermatocytes, corroborating a previous study, in which these animals showed a significant recovery in the total tubular and epithelial areas as well as in the number of Sertoli cells.[@ref12] These results associated with the increase in the incidence of PCNA-positive germ cells confirm the efficient role of this vitamin in the seminiferous epithelium.

Vitamin B~12~ is essential for the maintenance of testicular functions[@ref7] since the deficiency of this vitamin may cause atrophy of seminiferous tubules and aplasia of spermatocytes, spermatids, and spermatozoa.[@ref8][@ref9][@ref44] It is known that vitamin B~12~ is an essential cofactor for methionine synthase during the production of purines and pyrimidines,[@ref6] stimulating DNA synthesis and contributing to cell division.[@ref5][@ref45] Clermont and Leblond[@ref46] demonstrated the existence of five peaks of spermatogonial divisions in rat located in stages IX, XII, XIV--I, IV, and VI of the cycle, respectively. The first three mitotic peaks were identified in the type A spermatogonia; the fourth mitotic peak corresponds to divisions of type In spermatogonia; and the fifth peak of mitosis corresponds to divisions of type B spermatogonia giving rise to preleptotene primary spermatocytes (**[Figure 1](#F1){ref-type="fig"}**). Thus, the significant increase in the number of type A spermatogonia in the animals treated with cimetidine and vitamin B~12~ (CMTG/B~12~G) indicates that this vitamin might have stimulated these spermatogonia during the mitotic peaks at stages I--VI, leading to the significant increase in the number of spermatocytes. Besides vitamin seems to recover spermatogenesis by stimulating spermatogonia, we cannot exclude the possibility that this vitamin can exert some protective effect on the seminiferous epithelium during cimetidine treatment. Further studies focusing on the initial effect of this vitamin on the cimetidine-damaged spermatogenesis would clarify this possibility.

It is known that the regulation of cell number is extremely important for the maintenance of size and function of tissues and organs. When tissues are injured, cell number increases to compensate the loss of functional tissue mass. In this context, some nutrients, such as vitamin B~12~, are essential for the cell cycle progression and tissue growth and maintenance.[@ref47] Germ cell loss (apoptosis) plays an important role in the seminiferous epithelium homeostasis by limiting the number of produced sperm. This occurs mainly during meiosis, through the elimination of germ cells that are defective or carry DNA mutations, and during the spermatogonial phase in a process named cell-density regulation.[@ref48] Our results showed that the number of spermatogonia and spermatocytes in vitamin B~12~-supplemented animals (B~12~G) was similar to control. In this case, a balance between apoptosis and cell proliferation might have occurred since the tissue was in homeostasis. Numerous PCNA-immunolabeled spermatogonia and early primary spermatocytes were observed in parallel to a high incidence of TUNEL-positive spermatogonia and spermatocytes in the vitamin-supplemented animals. As mitotic divisions of spermatogonia are synchronized to meiotic divisions of spermatocytes, the concomitant presence of apoptotic spermatogonia and apoptotic spermatocytes in the same tubule sections might also indicate that this synchronization is carried out through the synchronized control of mitotic and meiotic checkpoints.[@ref49] It is known that there is a maximal number of germ cells to be supported by Sertoli cells, and this number is adjusted by cell death when proliferation of differentiating spermatogonia begins. Thus, cell death usually occurs at the same stages in which spermatogonia are committed to division.[@ref49]

In CMTG and CMT/B~12~G, the number of spermatogonia was equivalent to the epididymal sperm concentration. Thus, while a low sperm concentration was correlated with a low number of spermatogonia in CMTG, an increased sperm concentration was correlated to a high number of spermatogonia in CMT/B~12~G. However, further studies are necessary to confirm whether the changes in the epididymal sperm concentration are consequent effects of cimetidine/vitamin treatments in testis or epididymis or both. Testis and epididymis provide a suitable and necessary environment for spermatogenesis, maturation, and storage of spermatozoa and their activities are regulated by testosterone.[@ref50] In chromium-exposed rats, low sperm count has been associated with decreased activities of testicular steroidogenic enzymes such as 3β- and 17β-hydroxysteroid dehydrogenase,[@ref51] indicating that decreased sperm count may be related to disruption in steroidogenesis and changes in testosterone levels.[@ref52][@ref53] As cimetidine treatment causes Leydig cell apoptosis and decrease in the testosterone serum levels,[@ref32] the reduction in the sperm concentration may be related to deficient testosterone supply either in the testicular or epididymal microenvironment. Studies focusing on Leydig cell steroidogenesis would be useful to clarify if the increased sperm concentration induced by this vitamin in CMT/B~12~ is related to hormonal status. Independently, of a possible role on hormonal control, vitamin B~12~ administration in patients with pernicious anemia improves sperm parameters, mainly in cases of oligozoospermia.[@ref7] Moreover, Watson[@ref54] demonstrated that cobalamin also plays a role in the maturation of human spermatozoa. Since then, vitamin B~12~ has been considered an important nutrient for the maintenance of normal fertility in men[@ref4][@ref54][@ref55] and alleviates the changes in the testicular morphology, sperm number, and motility in doxorubicin-treated rats.[@ref10][@ref11]

CONCLUSION {#sec1-5}
==========

The supplementation of rats with vitamin B~12~ during cimetidine treatment improves the epididymal sperm concentration and recovers the number of spermatogonia and spermatocytes, probably stimulating type A spermatogonia mitotic activity. These findings reinforce the potential effect of vitamin B~12~ in the spermatogenic recovery.
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